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Abstract. In wide double white dwarf (DWD) binaries, in which the co-eval WDs
evolve independently, the more massive, faster-evolving WD can be used to obtain a
main-sequence lifetime for the less-massive WD. By converting this lifetime into an
initial mass for the less-massive WD, and combining it with the spectroscopically de-
rived mass for this WD, one can constrain the initial-final mass relation (IFMR). How-
ever, the number of known and well-characterized DWDs is small, severely limiting
their usefulness for this analysis. To obtain new constraints on the IFMR, we search for
wide DWDs in the Sloan Digital Sky Survey (SDSS) Data Release 9. We find 65 new
candidate systems, thereby raising the number of known wide DWDs to 142. We then
engage in a spectroscopic campaign to characterize these pairs, identifying 32 DA/DA
pairs, two DA/DB pairs, four DA/DAH candidate pairs, a previously unidentified candi-
date triple WD system, and five DA/DC WDs. We present a reanalysis of the constraint
on the IFMR placed by Finley & Koester (1997) using the DWD PG 0922+162, and
finish by discussing how it could be expanded to a generic set of wide DWDs.
1. Introduction
Finley & Koester (1997) constrained the IFMR using the wide DWD PG 0922+162.
These authors compared the more massive WD (>
∼
1.10 M⊙) to similarly massive WDs
in open clusters for which an initial (ZAMS) mass Mi had been published, thereby
obtaining Mi = 6.5± 1.0 M⊙ for this WD. Finley & Koester (1997) converted this mass
into a pre-WD lifetime of 42−86 Myr, to which they added the cooling age τcool of the
massive WD to derive a system age of 320 ± 32 Myr. These authors then used the less
massive WD in PG 0922+162 to constrain the IFMR: they derived a pre-WD lifetime
for this 0.79 M⊙ WD of 231 ± 34 Myr by subtracting its τcool from the system age, and
obtained Mi = 3.8±0.2 M⊙ for its progenitor. The Finley & Koester (1997) result is one
of the most stringent constraints on the IFMR, and is one of the reasons Weidemann
(2000) anchored his semi-empirical IFMR at Mi = 4.0 M⊙ and MWD = 0.80 M⊙.
In principle, if a reasonable estimate of the system age can be determined from the
more massive WD, this method can be applied to any wide DWD. The Finley & Koester
(1997) study has not been widely replicated, however. Until recently, there were ≈35
known wide DWDs; many of these lacked spectra, and even those with spectra were
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ill-suited to this analysis because of large τcool uncertainties. In Andrews et al. (2012)
we identified 11 new DWDs selected by searching for common proper motion (µ) com-
panions to spectroscopically confirmed SDSS WDs. This pilot study illustrated the
robustness of our method for selecting DWDs. Our tests to separate random alignments
from high-confidence pairs indicated that wide DWDs could be identified without spec-
troscopy, using SDSS photometry and a minimum µ cut instead. Here, we present the
findings of our expanded search for DWDs in the SDSS Data Release 9. We identified
65 systems, bringing the total number of candidate wide DWDs to 142. We then discuss
how spectroscopic follow-up may allow us to use these DWDs to constrain the IFMR.
2. Searching for Wide DWDs
2.1. Common Proper Motion Pairs
We first searched for DWDs by matching proper motions of WD candidates in the
SDSS DR9. From DR9’s >9 × 108 primary photometric objects, we selected those
classified as stars that matched our photometric and µ quality constraints (σugr < 0.15
mag, σiz < 1.0 mag, µ > 35 mas yr−1, σµ < 10 mas yr−1). To include both hydrogen-
atmosphere DA WDs and helium-atmosphere DB WDs in this search, we used a liberal
color constraint, selecting those stars with −0.7 < (g − r) < 0.4 and −0.7 < (u − g) <
0.75. The left panel of Figure 1 shows the (u − g) versus (g − r) colors of the ≈4 × 104
SDSS objects that met our quality constraints and fell within this region of color space.
Our µ > 35 mas yr−1 criterion should eliminate nearly all QSOs. Contaminating
main-sequence stars and subdwarfs are more difficult to remove, as these objects may
overlap with WDs in color and may have µ > 35 mas yr−1. However, WDs can be
effectively separated from blue stars in a reduced proper motion (Hr) diagram. The
right panel in Figure 1 is Hr versus (g − i) for the objects in our sample. We used the
dashed line in the right panel of Figure 1, adapted from Smith et al. (2009), to separate
subdwarfs from WDs, thereby reducing our sample to ≈34,000 objects.
Next, we searched for µ matches. A match occurs when two WDs had an angular
separation θ < 5′, and, following Dhital et al. (2010), a matching parameter Σ2 < 2.1
We identified 57 candidate DWDs, and selected the 36 pairs with θ < 100′′ as high-
probability DWD candidates; 13 had previously been identified. We added four pairs at
larger θ but with µ > 80 mas yr−1; with such large common µ these are unlikely to be
random alignments. The number of new candidate common µ DWDs is 27.
2.2. Astrometrically Close Pairs
Dhital et al. (in prep.) search SDSS for photometrically resolved, small θ pairs of low-
mass stars. These authors identify >4×104 pairs with θ = 0.4−10′′ and argue that wide
pairs can be efficiently identified without having to match µ. Similarly, Baxter et al.
(2014) identified a set of wide SDSS DWDs with θ <
∼
30′′ based only on photometry.
We began our photometric search for DWDs by applying the more stringent color-
color constraint described in Girven et al. (2011) to obtain candidate WDs: without
µ measurements, subdwarfs and QSOs become a significant source of contamination.
1Σ2 =
(
∆µα/σ∆µα
)2
+
(
∆µδ/σ∆µδ
)2
, where ∆µ is the difference in µ in right ascension (α) and declination
(δ), and σµ is the error in µ.
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Figure 1. The left panel shows the (u − g) versus (g − r) for ≈4 × 104 SDSS
objects that pass our photometric and µ quality constraints. The sickle-shaped band
corresponds to the DA cooling sequence while DB WDs lie in a parallel band to the
upper right of this band. The right panel shows reduced proper motion (Hr) versus
(g − i) for the same objects. The loci at (g − i) ≈ −0.5, 1, and 2.5 indicate the
population of WDs (from the Kleinman et al. (2013) SDSS catalog), subdwarfs and
main-sequence stars, respectively. We used the dashed line, adapted from Smith et al.
(2009), to separate subdwarfs from candidate WDs. The solid lines represent the
locations of WDs for transverse velocities VT = 30 km s−1 (corresponding to the disk
population) and 150 km s−1 (the halo population). The symbols are the same in both
panels: the circles are the candidate WDs in 23 new candidate wide DWDs identified
here, the squares are candidate WDs in four additional new candidate systems, and
the triangles are the WDs in the 13 known systems we re-detect.
Girven et al. (2011) estimated that 17% of the objects falling within this color-color
region are QSOs. However, this was based on a g < 19 mag sample of objects with
SDSS spectra. Our sample extends to g = 21, and we expected QSOs to be a more
significant contaminant. We therefore added the additional constraint that objects with
g > 18 should have (u − g) < −0.1. Of the surviving objects, we selected the 43
pairs with θ < 10′′ as high-confidence candidate DWDs. Five of these were previously
known, so that we have 38 new, photometrically selected, candidate DWDs.
Among the previously known wide DWDs are the 11 systems identified in An-
drews et al. (2012) and 36 systems identified elsewhere in the literature. To that sample
we add 27 common µ systems and 38 identified by their small θ. Baxter et al. (2014)
found 53 wide DWDs in SDSS and spectroscopically confirmed 26 of these (one ad-
ditional pair was found to be a contaminant). Thirty of the 53 DWDs are new, and 11
of these are spectroscopically confirmed. In total, we therefore have a sample of 142
candidate and confirmed wide DWDs, including 19 Baxter et al. (2014) new candidate
pairs and the 11 these authors have confirmed spectroscopically.
3. Spectroscopically Characterizing DWDs
Over 13 half nights between 2012 Sep and 2013 Sep, we observed 34 DWDs with the
3.5-m telescope at Apache Point Observatory, NM2 with the Dual Imaging Spectro-
graph in its high-resolution mode (R ≈ 2500 at Hβ). To these spectra we add ≈30
2The Apache Point Observatory 3.5-m telescope is operated by the Astrophysical Research Consortium.
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spectra from SDSS (R ≈ 1800) and ≈10 spectra taken with Very Large Telescope (R ≈
15,000) from the Supernova Progenitor Survey (D. Koester, pers. comm.). In total, we
have 114 spectra for 97 WDs in wide DWDs. Our contamination rate by non-WDs is
extremely low (<
∼
5%): one target is an A star.
To obtain Teff and log g for these WDs, we used the technique developed by Berg-
eron et al. (1992) and described in Gianninas et al. (2011, and references therein), which
incorporates model atmospheres for WDs with 6.5 ≤ log g ≤ 9.5. The observed and
theoretical spectra are normalized to a continuum set to unity, and the observed Hβ to
H8 lines are fit simultaneously to the synthetic spectra. We applied the fitting formulas
Tremblay et al. (2013) provide to the Teff and log g solutions to adjust from the standard
mixing-length approximation to the 3D simulation results. Next, we used the Tremblay
et al. (2011) models to map our Teff and log g values to τcool and masses (MWD) for each
of our WDs. Our fits also provided distances to the WDs, determined by comparing
photometric magnitudes with absolute magnitudes from the spectroscopic solutions.
4. Adapting and Applying the Finley& Koester (1997) Method
In Figure 2 we reproduce one of the critical steps used by Finley & Koester (1997)
to constrain the IFMR: the conversion of stellar main-sequence lifetimes into initial
masses. Because the relation between lifetime and mass is steeper for longer-lived/lower-
mass main-sequence stars, even a large uncertainty in the assumed Mi for the more
massive WD in PG 0922+162 results in a stringent constraint on the Mi of the less
massive WD.
To adapt this method to a generic wide DWD, we must be able to estimate the
Mi of the more massive WD in the pair. Instead of comparing to WDs in clusters, as
was done by Finley & Koester (1997), we can use the approximate IFMRs provided
by stellar evolution codes. Such theoretical relations are imperfect, primarily due to
the difficulty of modeling convective overshooting and asymptotic giant branch winds.
Nevertheless, by varying the different prescriptions for these processes and comparing
to simulations from different groups, we can estimate the uncertainty in these theoretical
relations. For the majority of the WD mass range, these uncertainties are large, leading
to a wide range for Mi for the more massive WD. However, Figure 2 shows that even
large uncertainties in this estimate can lead to important constraints on the IFMR. We
are in the process of computing sets of theoretical relations with MESA.
5. Conclusions
We have searched SDSS DR9 for wide DWDs, identifying 65 new candidate pairs.
Through our spectroscopic follow-up campaign, we characterized 32 DA/DA pairs.
We repeat the analysis of Finley & Koester (1997), who constrained the IFMR using
the wide DWD PG 0922+162, obtaining nearly identical results. This method can be
expanded to other wide DWDs in our catalog. With the future Gaia data release, many
more of these systems will likely be identified, therefore refining this method will be
important in placing future constraints on the IFMR.
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Figure 2. Converting initial masses into pre-WD lifetimes. Finley & Koester
(1997) assigned the more massive WDB in PG 0922+162 a Mi = 6.5±1.0 M⊙, which
we translate into a pre-WD lifetime of 43−90 Myr with MESA. Adding the τcool dif-
ference between the two WDs gives a pre-WD lifetime of 198−265 Myr for the less
massive WDA. We derive a corresponding Mi = 3.89 ± 0.20 M⊙ for WDA; Finley
& Koester (1997) found 3.8 ± 0.2 M⊙. Despite the relatively large uncertainty in the
initial mass of WDB, the uncertainty in the initial mass of WDA is small, particularly
compared to typical uncertainties derived from other observational methods.
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